Introduction
============

Leukoaraiosis, microbleeds, and silent brain infarctions are different phenotypes of small vessel disease caused by different kinds of arteriole degeneration[@B1], [@B2]. Leukoaraiosis is the most common phenotype of small vessel disease and has a prevalence of over 60% among elderly[@B3]. Advanced periventricular leukoaraiosis is believed to indicate a severe stage of small vessel disease and predict cognitive dysfunction or vascular dementia[@B3]-[@B6]. Other phenotypes of small vessel disease such as microbleeds and silent brain infarctions are usually found coexisting with advanced leukoaraiosis[@B7]-[@B11] and they might also be associated with cognitive dysfunction[@B10], [@B12]-[@B14]. However, it remains unclear whether the coexisting microbleeds and silent brain infarctions will deteriorate the cognitive function for patients with advanced periventricular leukoaraiosis, and whether microbleeds and silent brain infarctions have different impact on cognitive function considering they might be different in specific pathogenesis. In this study, we enrolled a group of patients with advanced periventricular leukoaraiosis and sought to answer the questions above.

Subjects and Methods
====================

General information
-------------------

In this paper, a cross-sectional study was performed based on the patients attending to the Department of Neurology in 10^th^ People\'s Hospital in Shanghai from January 2012 to September 2012, mainly with complaints of non-specific symptoms such as headache, dizziness, vertigo, and dysmnesia. The patients were enrolled according to the following criteria: 1) three years or longer education, with basic reading ability and will to give consent to this study; 2) no history of stroke, simple Alzheimer\'s Disease, dementia with Lewy bodies, schizophrenia, or other diseases that might cause the decline in cognitive function and behavior competence; or newly diagnosis of above mentioned diseases during this study; 3) no claustrophobia or metallic implants; 4) periventricular leukoaraiosis of grades 2 to 3 identified through magnetic resonance imaging (MRI) according to Fazekas\' scale[@B15].

Silent brain infarctions were counted on T1- and T2-weighted images and fluid-attenuated-inversion-recovery (FLAIR) images. Susceptibility weighted images (SWI) were further obtained to evaluate the presence and number of microbleeds. According to the presence of silent brain infarctions and microbleeds, 227 patients enrolled were further divided into four groups: control (91 patients without silent brain infarctions and microbleeds), MB (41 patients with microbleeds and without silent brain infarctions), SBI (46 patients with silent brain infarctions and without microbleeds), and MB&SBI (49 patients with both microbleeds and silent brain infarctions) groups.

The following pieces of information were collected: age, sex, education years, the presence of hypertension and diabetes, smoking history, and blood test including blood glucose and lipid. Mini-Mental State Examination (MMSE) and Montreal Cognitive Assessment (MoCA) were used to test the global cognitive function. Clock Drawing Test[@B16]-[@B18] and Verbal Fluency Test[@B19], [@B20] were performed to evaluate the executive function which was proved to be a cognitive domain impaired by leukoaraiosis most frequently. The result of Clock Drawing Test was scored from 0 to 4 according to the integrity of the clock drawn by the patients. The result of Verbal Fluency Test was scored based on the amount of different products sold in a supermarket by the patients in 1 min. Clock Drawing Test and Verbal Fluency Test were both used to evaluate executive function[@B21], [@B22]. All the procedures were approved by *the Ethics Committee of 10^th^ People\'s Hospital*.

MR protocol
-----------

The subjects were imaged using a 3.0T MR scanner (Siemens 3.0T Magnetom Verio, Erlangen, Germany) with a standard eight-channel phased-array head coil. The MRI imaging protocol consists of T1-weighted images (repetition time/echo time = 2000/9), FLAIR (repetition time/echo time = 8500/94), and diffusion-weighted imaging (repetition time/echo time = 6000/94) on the axial plane; T2-weighted images (repetition time/echo time = 4540/96) on the sagittal plane with a thickness of 5.5 mm; and SWI (repetition time/echo time = 27/20) on the axial plane with a thickness of 1.5 mm.

MR image review and criteria
----------------------------

All MR images were analyzed by two radiologists blinded to the clinical information. Discrepancies in the presence, numbers, locations of silent brain infarctions and microbleeds and the scores of leukoaraiosis between the two readers were resolved using a visual consensus.

Leukoaraiosis was defined as focal or confluent hyperintensities in the deep or periventricular area on FLAIR images[@B3]. Lesions were defined as periventricular leukoaraiosis when their largest diameters are adjacent to the ventricles[@B3]. Grade 2-3 according to Fazekas\' scale[@B15] was regarded as advanced leukoaraiosis. Silent brain infarction was defined as a focal cavitated lesion 3 mm to 15 mm in diameter, with hypointensity on T1-weighted images, hyperintensity on T2-weighted images, without corresponding stroke history[@B10]. The presence and numbers of silent brain infarctions in basal ganglia, thalamus, corona radiata and brain stem were evaluated respectively. Microbleeds were defined as homogenous round areas of signal loss with diameters less than 10 mm on SWI images[@B23]. The presence and numbers of lobar, deep, and infratentorial Microbleeds were evaluated. Hypointense lesions within the subarachnoid space, basal ganglia mineralization, and other lesions or structures with similar signals were excluded during the microbleeds\' evaluation[@B23], [@B24].

Statistical Analysis
--------------------

All data were analyzed using SAS 9.2. ANOVA and Chi-square test were used to compare the baseline characteristics, including age, sex, vascular risk factors, and scores in the four neuropsychological tests among the groups. The Least Significance Difference Test was used for the multiple comparisons of the scores in the four tests. Multiple linear regression models were then constructed to identify the independent risk factors for the low scores in the four tests, with age, sex, education years, smoking history, and the presence of hypertension, diabetes, dyslipidemia, microbleeds, and silent brain infarctions added into the models. P\<0.05 was considered to indicate statistical difference, whereas P\<0.01 was considered to indicate significant statistical difference.

Results
=======

Baseline characteristics and results of the different neuropsychological tests
------------------------------------------------------------------------------

No statistical differences in age, sex, and vascular risk factors were found among the four groups. By contrast, significant differences in the scores in all four neuropsychological tests were found among four groups. Multiple comparisons of the four scales were further carried out among the groups. The results showed that the scores in all four tests were lower in the MB and MB&SBI groups than in the control group (all P\<0.05), whereas only the scores in Clock Drawing Test and Verbal Fluency Test were lower in the SBI group than in the control group (both P\<0.05). Multiple comparisons showed no statistical differences in the scores in all tests among the MB, SBI, and MB&SBI groups (all P\>0.05). However, a downtrend can be observed from the control group to the MB&SBI group for all tests, and the scores in the four tests are the lowest in the MB&SBI group. The details are shown in Table [1](#T1){ref-type="table"}. Examples of leukoaraiosis, silent brain infarctions and microbleeds were shown in Figure [1](#F1){ref-type="fig"}.

Risk factors of cognitive impairment
------------------------------------

Multiple linear models were constructed to identify the independent risk factors of cognitive impairment. Age, sex, education years, smoking history, and the presence of hypertension, diabetes, dyslipidemia, microbleeds, and silent brain infarctions were added into the four models. The results showed that age and presence of microbleeds were the independent risk factors for the lower scores in all four tests, whereas the presence of silent brain infarctions was the only independent risk factor for the lower scores in Clock Drawing Test and Verbal Fluency Test. The effect of microbleeds on cognitive impairment was more evident than that of silent brain infarctions. The details of the positive results are listed in Table [2](#T2){ref-type="table"}.

Effects of microbleeds in different locations on cognitive function
-------------------------------------------------------------------

The effect of microbleeds in different locations on cognitive function was further analyzed using multiple linear regressions. The numbers of lobar, deep and infratentorial microbleeds were added into the models together with age, sex, education years, smoking history, and the presence of hypertension, diabetes, dyslipidemia, and silent brain infarctions. The results showed that lobar microbleeds had the most significant effect on cognitive function. The details are shown in Table [3](#T3){ref-type="table"}.

Effects of silent brain infarctions in different locations on cognitive function
--------------------------------------------------------------------------------

The effect of silent brain infarctions in different locations on cognitive function was further analyzed with multiple linear regressions too. The numbers of silent brain infarctions in basal ganglia, thalamus, corona radiata and brain stem were added into the four models with age, sex, education years, smoking history, and the presence of hypertension, diabetes, dyslipidemia and microbleeds. The results showed no obvious tendency that silent brain infarctions in some special location had more significant effect on cognitive function than those in other locations. The association between cognitive dysfunction and silent brain infarctions in different locations was weakened after they were divided into subgroups. The details are shown in Table [4](#T4){ref-type="table"}.

Discussion
==========

This study showed that both microbleeds and silent brain infarctions might exacerbate cognitive impairment for patients with advanced periventricular leukoaraiosis; however, their effects differed to some extent.

The strengths of this study were the use of multiple groups, comparison between microbleeds and silent brain infarctions as different phenotypes of small vessel disease, different neuropsychological tests for the evaluation of different cognitive domains, and the utilization of SWI which was proven better than T2-GRE sequences for the identification of microbleeds. In addition, the roles of microbleeds and silent brain infarctions were further analyzed according to different locations. The main limitations were the hospital-based sample, limited sample size, and the non-prospective study design that might restrict the significance of our results.

Previous studies proved that leukoaraiosis, particularly advanced periventricular leukoaraiosis, is associated with the decline in cognitive function[@B3]-[@B6]. Most of these studies were based on MMSE, which is not sensitive enough to detect subtle changes in cognitive function[@B25]. In this study, MoCA and MMSE were used together for the evaluation of global cognitive function. We found that the average score of MoCA was only 22.9 for control group, lower than that of MMSE. This result verified the association between leukoaraiosis and cognitive impairment[@B6] and the higher sensitivity of MoCA compared with MMSE[@B25]. Advanced leukoaraiosis sometimes coexists with other phenotypes of small vessel disease such as microbleeds and silent brain infarctions. In this study, we proved that the decline in cognitive function might overlap and become even steeper when different phenotypes of small vessel disease coexist. Moreover, the effects of microbleeds and silent brain infarctions on cognitive function and cognitive domains were different to some extent.

In this study, microbleeds, particularly lobar microbleeds, showed a more significant negative effect on cognitive impairment than silent brain infarctions. Previous studies proved that microbleeds are associated with the decline in different functional domains, including information processing speed, executive function, and motor speed[@B12], [@B26]-[@B28]. For patients with advanced periventricular leukoaraiosis, which is an indicator of severe underlying hypertensive small vessel disease and white matter degeneration, the coexistence of microbleeds could significantly deteriorate cognitive function. However, this trend of deterioration was not that evident for silent brain infarctions, and was mainly restricted to executive function. Their different effect on cognitive function could be attributed to the different underlying vascular diseases and different locations.

For silent brain infarctions, they were widely believed to be related to arteriolosclerosis caused by hypertension, and most were located in perforating artery territories such as corona radiata and basal ganglia (i.e., deep in the brain). This characteristic is similar to leukoaraiosis in both pathogenesis and locations[@B1], [@B3], [@B10], [@B29]. Thus, the steeper decline in cognitive function reflected the overlapping of the severity of a similar small vessel disease. The limited effect of silent brain infarctions on global cognitive function could also be explained by the deep distribution, that is, the deep area in the brain that was less closely associated with global cognitive function and more closely associated with executive function. This finding was also proven by previous studies[@B14], [@B30]. Unlike microbleeds, most silent brain infarctions were concentrated in deep regions of brains, with the same pathogenesis for them in basal ganglia, corona radiata or thalamus. Therefore, after silent brain infarctions were divided into subgroups, the association between cognitive dysfunction and silent brain infarctions was weakened, with no obvious tendency that silent brain infarctions in some special location had more significant effect on cognitive function than those in other locations.

Meanwhile, the locations and pathogenesis of microbleeds were variable. Some microbleeds identified in this study were located in lobes, and these lobar microbleeds were proven to have the most significant effect in worsening cognitive function. By contrast, the association between cognitive impairment and deep or infratentorial microbleeds was not that robust, more like that between cognitive impairment and silent brain infarctions. The significant role of lobar microbleeds could partly be explained by the strategic importance of lobes in cognitive function[@B28]. Furthermore, these microbleeds might also be related to different pathogenesis. Most studies believed that strictly lobar microbleeds might be related to cerebral amyloid angiopathy[@B31], [@B32], which refers to the deposition of β-amyloid. On the other hand, similarly to silent brain infarctions, deep and infratentorial microbleeds were proven to be caused by hypertensive arteriolosclerosis[@B33], [@B34]. Although cerebral amyloid angiopathy and arteriolosclerosis are both attributed to the category of small vessel disease [@B1], their roles in cognitive dysfunction might be different, with the former more significant and better-known because of Alzheimer\'s Disease. Thus for patients with both advanced leukoaraiosis and lobar microbleeds, the decline in cognitive function was not attributed to the simple overlapping of similar vascular diseases but to the combination of different pathogenesis in different locations, similarly to that of mixed dementia with part of the pathogenesis resembling Alzheimer\'s Disease.

In conclusion, we found that both silent brain infarctions and microbleeds might exacerbate cognitive dysfunction. The effect of microbleeds seemed to be more significant than silent brain infarctions. This significant effect was mostly contributed by lobar microbleeds. The results of this study proved that vascular dementia and its early stage, i.e., vascular cognitive dysfunction for non-stroke patients might be the consequence of various subtypes of small vessel disease including leukoaraiosis, microbleeds and silent brain infarctions; part of it more resembled mixed dementia or cognitive dysfunction. The results also suggested that, the prevention of microbleeds and silent brain infarctions especially the former should not be neglected as a possible target for the intervention of cognitive dysfunction.
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###### 

Baseline characteristics and results of the neuropsychological tests.

                        Control (n=91)   SBI (n=46)   MB (n=41)   MB&SBI (n=49)   P
  --------------------- ---------------- ------------ ----------- --------------- -------------
  Age (years)           71.4±5.9         70.9±6.4     70.6±5.2    72.1±5.0        \>0.05
  Male, n (%)           47 (51.7)        20 (43.5)    24 (58.5)   26 (53.1)       \>0.05
  Smoking, n (%)        21 (23.1)        9 (19.6)     9 (22.0)    12 (24.5)       \>0.05
  Hypertension, n (%)   68 (74.7)        38 (82.6)    33 (80.5)   40 (81.6)       \>0.05
  Diabetes, n (%)       24 (26.4)        10 (21.7)    11 (26.8)   12 (24.5)       \>0.05
  Dyslipidemia, n (%)   47 (51.7)        24 (52.2)    24 (58.5)   27 (55.1)       \>0.05
  Education (years)     8.14±2.12        8.11±2.32    8.24±1.85   8.20±2.31       \>0.05
  MMSE                  26.6±2.0         25.7±2.2     25.1±3.7    25.0±3.1        **0.002**
  MoCA                  22.9±2.2         21.9±2.3     21.0±3.6    21.0±3.5        **\<0.001**
  CDT                   3.24±0.75        2.87±0.61    2.76±0.86   2.71±0.79       **\<0.001**
  VFT                   23.0±4.5         21.4±4.8     20.6±5.3    19.5±4.7        **\<0.001**

CDT = Clock Drawing Test, VFT = Verbal Fluency Test.

###### 

Independent risk factors for cognitive impairment.

                             MMSE     MoCA      CDT      VFT                                   
  -------------------------- -------- --------- -------- --------- -------- --------- -------- ---------
  Age                        -7.059   \<0.001   -6.621   \<0.001   -5.181   \<0.001   -5.684   \<0.001
  Education                  \-       \-        \-       \-        \-       \-        1.982    0.049
  Diabetes                   \-       \-        \-       \-        -2.353   0.019     \-       \-
  Microbleeds                -3.243   0.001     -3.956   \<0.001   -3.219   0.001     -3.345   0.001
  Silent brain infarctions   \-       \-        \-       \-        -2.231   0.027     -2.160   0.032

CDT = Clock Drawing Test, VFT = Verbal Fluency Test.

###### 

Effects of microbleeds in different locations on cognitive function.

                                       MMSE     MoCA      CDT      VFT                                   
  ------------------------------------ -------- --------- -------- --------- -------- --------- -------- ---------
  Age                                  -7.590   \<0.001   -7.016   \<0.001   -4.965   \<0.001   -5.529   \<0.001
  Education                            2.216    0.035     \-       \-        \-       \-        \-       \-
  Diabetes                             \-       \-        \-       \-        -2.273   0.024     \-       \-
  Silent brain infarctions             \-       \-        \-       \-        -2.459   0.015     -2.519   0.013
  Microbleeds in different locations                                                                     
  Lobar                                -8.000   \<0.001   -7.761   \<0.001   -2.994   0.003     -4.971   \<0.001
  Deep                                 \-       \-        \-       \-        \-       \-        \-       \-
  Infratentorial                       \-       \-        \-       \-        -2.058   0.041     \-       \-

CDT = Clock Drawing Test, VFT = Verbal Fluency Test.

###### 

Effects of silent brain infarctions in different locations on cognitive function.

                                                    MMSE     MoCA      CDT      VFT                                   
  ------------------------------------------------- -------- --------- -------- --------- -------- --------- -------- ---------
  Age                                               -6.817   \<0.001   -6.386   \<0.001   -4.854   \<0.001   -5.414   \<0.001
  Diabetes                                          \-       \-        \-       \-        -2.133   0.034     \-       \-
  Microbleeds                                       -3.078   0.002     -3.839   \<0.001   -3.160   0.002     -3.273   0.001
  Silent brain infarctions in different locations                                                                     
  Basal ganglia                                     \-       \-        -1.980   0.049     \-       \-        -2.002   0.047
  Thalamus                                          \-       \-        \-       \-        \-       \-        \-       \-
  Corona radiata                                    \-       \-        \-       \-        \-       \-        -2.120   0.035
  Brain stem                                        \-       \-        \-       \-        \-       \-        \-       \-

CDT = Clock Drawing Test, VFT = Verbal Fluency Test.
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